Infectious diseases are among the common leading causes of morbidity and mortality worldwide. Associated with the emergence of new infectious diseases, the increasing number of antimicrobial-resistant isolates presents a serious threat to public health and hospitalized patients. A microbial pathogen may elicit several host responses and use a variety of mechanisms to evade host defences. These methods and mechanisms include capsule, lipopolysaccharides or cell wall components, adhesions and toxins. Toxins inhibit phagocytosis, cause septic shock and host cell damages by binding to host surface receptors and invasion. Bacterial and fungal pathogens are able to apply many different toxin-dependent mechanisms to disturb signalling pathways and the structural integrity of host cells for establishing and maintaining infections Initial techniques for analysis of bacterial toxins were based on in vivo or in vitro assessments. There is a permanent demand for appropriate detection methods which are affordable, practical, careful, rapid, sensitive, efficient and economical. Aptamers are DNA or RNA oligonucleotides that are selected by systematic evolution of ligands using exponential enrichment (SELEX) methods and can be applied in diagnostic applications. This review provides an overview of aptamer-based methods as a novel approach for detecting toxins in bacterial and fungal pathogens.
Introduction
Toxin production is the mechanism of pathogenic effect of some pathogens. Bacterial toxins are proteinaceous or nonproteinaceous components that can interact with and destroy host cells or damage them. Bacterial toxins are commonly classified into exotoxins (produced by both Gram-positive and Gram-negative bacteria cells) and endotoxins (often produced by Gram-negative bacteria; Zhu et al. 2014) . Exotoxins can also be classified into more types based on their structural and biological characters (Alouf 2003; Odumosu et al. 2010; Zhu et al. 2014) . Bacterial are capable of applying many different toxin-depended mechanisms to disturb the signalling pathways and structural integrity of host cells to establish and continue infections (Wilson et al. 2002) . Fungal toxins are produced by several fungi, particularly by many species of Aspergillus, Fusarium, Penicillium, Claiceps and Alternaria. They include a group of many hundreds of chemically toxic compounds (Huwig et al. 2001) . The most common fungal toxins are aflatoxins, ochratoxin A (OTA), trichothecenes, zearalenone and fumonisins (Huwig et al. 2001) . To anticipate potential risks posed by bacterial toxins, their accurate and reliable detection is essential in clinical diagnostics and food and water monitoring, as well as for the biosecurity/ defence field (Zhu et al. 2014) . Initial techniques for analysis of bacterial toxins were based on in vivo (i.e., animal model examinations) or in vitro (i.e., tissue culture) assessments. Immunological-based methods such as gel diffusion were developed for this purpose; however, these assessments were laborious and challenging to apply (Pimbley and Patel 1998) .
Based on the idea that nucleic acids, particularly RNA, can assume stable secondary structures and are easily synthesized and functionalized, new nucleic acid ligands called aptamers have been selected . These aptamer-based methods have been mainly employed in the clinical area for the development of diagnostic assays, whereas, to date, only a limited number of studies have demonstrated the possibility of using aptamers in assays for analysis of environmental or food samples.
Aptamers and selection methods
Aptamers have been considered as a good alternative to antibodies. (i) Aptamers are synthetic short, singlestranded DNA or RNA sequences that can recognize their targets on the basis of shape complementarity and specifically, bind desired targets with high affinity to given targets (DNA, RNA and peptides). (ii) Aptamer probes are screened by an in vitro iterative process, which is systematic evolution of ligands by exponential enrichment (SELEX). (iii) Due to their specific complex stem-loop and internal loop spatial structures, aptamers can be selected for a variety of biomolecules from small molecules to whole organisms, including toxins and pathogens (Fig. 1) . Moreover, aptamers have been used in fields as varied as drug discovery and development, target validation, analysis, diagnostics and treatment of various diseases. (iv) Aptamers have low costs and are less labour-intensive and also are easier to label with fluorescent dyes, enzymes, biotins and DNA ligands as well as to be regenerated by heating, reusable and robust analytical methods. Selection methods for aptamers are classified into two groups: classical techniques for detection of aptamers such as magnetic beads, capillary electrophoresis, whole cell SELEX and surface plasmon resonance (SPR) or flow cell SELEX; contemporary techniques for aptamer selection containing robotic SELEX, microfluidic-based SELEX and next-generation sequencing-based methods ( Fig. 2; Y€ uce et al. 2015) .
Identification of Gram-positive bacterial toxins

Staphylococcal toxins
Enterotoxin C1 Staphylococcus aureus enterotoxins (SEs) contain a group of structurally related serologically distinct components (Dinges et al. 2000; Seyyed Mousavi et al. 2017) . These can cause gastroenteritis in the gastrointestinal tract and can play role as a super antigen on the immune system. Nowadays, there are three types of methods usually used to detect toxins in food samples, including bioassays, molecular biological methods and immunological techniques. However, new procedures are necessary to be developed for detection of these toxins (McCormick et al. 2001) .
In a study, aptamers generated based on magnetic separation technology in 12 rounds of selection were used to bound S. aureus enterotoxin C1 (SEC1) in milk samples with high affinity and specificity. Graphene oxide sensing was performed to investigate analytical potential of the selected aptamer (Table 1 ). The optimal aptamer C10 was bounded to SEC1 with dissociation constant (Kd) below 100 nmol l À1 . Limitation of that method was 6 ng ml À1 of SEC1 in samples (Huang et al. 2015) .
Enterotoxin B
Staphylococcal enterotoxin B (SEB) is considered a significant cause of staphylococcal toxic shock syndrome (TSS), which is characterized by high fever, erythematous rash, hypotension, multi-organ system failure and even death (Fraser and Proft 2008; Libbey et al. 2014) . To date, SEB is supposed to be an appropriate treatment approach for TSS by blocking T-cell activation and initiating a toxic cascade in the body. Recently, an aptamer has been introduced by the SELEX method, which can antagonize SEB with nanomolar binding affinity (Kd 64 nmol l À1 ). This aptamer effectively inhibits SEB-mediated proliferation and cytokine secretion in human peripheral blood mononuclear cells. In addition, polyethylene glycol (PEGylating) is one of the most commonly used modifications of aptamers, which causes resistance to nucleases to improve residence time of aptamers in blood .
Other systems have introduced a novel hybrid sandwich-ALISA via employing chicken IgY (a type of antibody found in birds, but not in mammals) associated ssDNA aptamers selected by the SELEX method for detecting this toxin (Mudili et al. 2015) . A single aptamer at the concentration of 250 ng ml À1 could identify the target at 50 ng ml À1 . The IgY antibodies at 250 ng ml
À1
are able to discover 100 ng ml À1 antigens (Table 1 ). The limitation of this method was determining 50 ng ml À1 in spiked milk and natural specimens (Mudili et al. 2015) .
Alpha toxin
Alpha toxin (a-toxin) is one of the main virulence factors secreted by S. aureus. Most strains of S. aureus produce this toxin (Bhakdi and Tranum-Jensen 1991) . This toxin makes pores in cell membranes, causing leakage of ions, cytolysis elaborated cells and tissue damage at infection sites (Vandenesch et al. 2012; Akhi et al. 2016) . Using the SELEX method, an aptamer was developed via a nanomolar equilibrium for targeting alpha toxin in the samples. According to the result of the 12-round selection, the selected aptamer had a Kd of 93Á7 AE 7Á0 nmol l
À1
. A modified enzyme-linked immunosorbent assay (ELISA) method was developed by using an aptamer with high affinity and specificity. The limitation of this technique for detection was 200 nmol l À1 in undiluted human serum specimen (Hong et al. 2015) . Other DNA aptamers were developed via the SELEX technique, which specifically inhibited the cytotoxic activity of a-toxin. Four aptamers named AT-27, AT-33, AT-36 and AT-49 showed promising therapeutic potential and significantly inhibited a toxin-mediated cell death in Jurkat T cells. Furthermore, the real-time polymerase chain reaction analysis showed that a-toxin increased the transcription of the inflammatory cytokines TNF-a and IL-17, and that the anti-a-toxin aptamers AT-33 and AT-36 inhibited the upregulation of these genes (Vivekananda et al. 2014) .
Clostridium botulinum and C. difficile toxins
Botulinum neurotoxins
Botulinum neurotoxins (BoNT) are the most poisonous substances so far detected (Li and Singh 2000) . There are currently seven known serotypes of BoNTs (A-G). Serotype A was shown as the causative agent of human botulism and is the most potent with the longest lasting effect in vivo (Arnon et al. 2001) .
A SPR-based RNA aptasensor was reported for rapid recognition of a natively folded type A toxin. The main advantage of this aptasensor is the ability for efficient separation of the natively folded toxin from the denatured inactive form. The recognition limit range of this method is 5Á8-23Á4 ng ml À1 . This sensor is robust, has a shelf-life of at least 30 days and can be reused for at least 400 tests (Janardhanan et al. 2013 ). Bruno et al. developed aptamers against a botulinum neurotoxin (BoNT) type A light chain (Table 1) . Aptamers according to potential binding pockets and beacons were selected for this study. Beacon 10 generated a lower limit of detection of 1 ng ml À1 in a buffer sample using a spectrofluorometer. This beacon was found suitable for environmental (buffer and soil suspension) BoNT or biotoxin (including SEB) biosensor molecules, but was not used clinically for human serum (Bruno et al. 2012) .
Clostridium difficile toxins
Clostridium difficile infections (CDIs) are among the common infections worldwide, with half a million cases and over 20 000 deaths annually (Dubberke and Wertheimer 2009) . CDI is an inflammatory state of the large (Ochsner et al. 2013) . Recently, a slow off-rate modified aptamer (SOMAmer TM reagents) has been generated via the SELEX, which binds to toxins A and B and a binary toxin with high affinity and specificity. Using SOMAmers, alone or in combination with antibodies, the limited detection of the toxin is 1 pmol l À1 (300 pg ml À1 ). SOMAmers are able to identify the toxins A and B and the binary toxin in culture supernatants from toxigenic C. difficile (Ochsner et al. 2013) . A sensitive electrochemical biosensor was developed to identify the toxin A (TcdA) of C. difficile based on an aptamer selected by the SELEX and gold nanoparticles (GNPS). The detection limit for this method was shown to be 1 nmol l À1 for TcdA (Table 1) . However, the significant disadvantage of this method was its inability to effectively differentiate between TcdA and TcdB regarding the similarity in their amino acid structures (Luo et al. 2014) .
Bacillus anthracis toxin
Anthrax toxin
Anthrax is an epizootic disease caused by Bacillus anthrax, which is not commonly transmitted from person to person. Bacillus anthracis has two main virulence factors, containing a capsule and a toxin composed of three proteins: a protective antigen (PA), a lethal factor and an oedema factor. These compounds of the toxin have efficient role in the anthrax disease process. Several methods are available for direct identification of B. anthracis in clinical samples (Moayeri and Leppla 2004; Lee et al. 2015) . In a recent study, one highly sensitive nano aptasensor via capillary electrophoresis-SELEX technique was developed for detection of the anthrax toxin in samples. The aptasensor showed a wide dynamic range spanning up to 800 nmol l À1 with a recognition limit of 1 nmol l À1 in biological specimens (Cella et al. 2010 ).
This method targeted the binding of PA to the ATR/ TEM8 Von Willebrand factor type A domain, which was cloned into Escherichia coli and purified. This short ssRNA aptamer probed with a high-binding affinity in the 100 nanomolar range and inhibited the anthrax toxin (Table 1) . Then, it was determined from cytotoxicity analysis by the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method (Lee et al. 2015) . The aptasensor showed a wide dynamic range spanning up.
Identification toxins of Gram-negative pathogens
Lipopolysaccharides
Lipopolysaccharides (LPS) are fundamental components of the outer membrane of all Gram-negative bacterial (Varbanets et al. 2012) . They can cause pyrogenic reactions, septic shock, diarrhoea, hypotension and vascular blood clotting. The recognition of LPS is critical for medical, pharmacological and food safety (Cauwels et al. 2010 ). An aptasensor assay based on hybridization chain reaction (HCR) was developed to detect LPS in the samples. After optimizing the key reaction conditions, a recognition limit of 1Á73 ng ml À1 was achieved (Table 1) with a linear response range of 10 5 ng ml À1 (Xie et al. 2016) . A structure-switching aptasensor based on the bulb-like triplex turn-on switch was developed for detection of LPS. Streptavidin-horseradish peroxidase modified hybridization chain reaction (HCR-HRP) nanocomposites were used as a signal amplifier and signal report element. In less than 4 h, this method showed a detection limit of 50 pg ml À1 and 20 ng ml À1 quantitatively and semi-quantitatively, respectively (Xu et al. 2017) .
Shiga toxins
Infection with Shiga toxin-(Stx-) producing E. coli (STEC) is the most significant cause of haemolytic uraemic syndrome, the leading cause of acute renal failure in children. Toxins consisting of an A-subunit monomer and a B-subunit pentamer bind to cell surface receptors. The internalization of catalytically active A-subunit delivered to cytosol via retrograde transport causes shut down of protein synthesis and leads to cell death (Challa et al. 2014) . Nucleic acid aptamers are being developed as therapeutic and diagnostic reagents against biotoxins. To study the issue, the SELEX was used in an attempt to identify RNA aptamers against Stx1 and Stx2. After five rounds of selection, significant enrichment of aptamer pool was obtained against Stx2, but not against Stx1. However, none of the aptamers neutralized Stx2-mediated cytotoxicity and death of HeLa cells (Challa et al. 2014) .
Identification of fungal toxins
Aflatoxin B1
Aflatoxins are toxic and carcinogenic metabolites produced by some Aspergillus species (Beizaei et al. 2015) . Among the aflatoxins, aflatoxin B1 (AFB1) has high toxicity (Shim et al. 2014) . Several approaches based on the chromatographic technique and immunoassay have been generated for determining AFB1 in food and agricultural commodities. However, these techniques are timeconsuming and need special devices and laboratories for analysis of results (Paek et al. 2000) . Consequently, analytical and applicable techniques needed for recognition of AFB1 are critical to prevent exposure to the mycotoxin (Shim et al. 2014) . A rapid and simple assay based on a biotin-modified aptamer has been developed for detecting AFB1. The detection limit for the dipstick assay was 0Á1 ng ml À1 AFB1 in buffer. The corn samples spiked with known concentration of AFB1 showed good agreement by the dipstick assay and ELISA. The cut-off value of the dipstick assay for the corn samples was 0Á3 ng g À1 of AFB1.
The results were obtained within 30 min without the need for additional steps such as washing and/or separation (Table 1) .
Ochratoxin A
Ochratoxin A is one of the richest food-contaminating mycotoxins worldwide, which is produced by Aspergillus ochraceus and Penicillium verrucosum. This toxin has been found in agricultural products such as grain and pork products and coffee and wine grapes, as well as in the body of animals, including human blood and breast milk. OTA can cause cancer in human beings. Moreover, OTA has been shown to be weakly mutagenic, which can cause immunosuppression as well as immunotoxicity (Guo et al. 2011) . Therefore, the rapid and correct detection of OTA is critical for the prevention and treatment of this infection. Recently, a sensitive and selective fluorescent aptasensor has been constructed for OTA detection, utilizing single-walled carbon nanotubes as quencher. This aptasensor can quench the fluorescence of a free unfolded toxin-specific aptamer attached with FAM (carboxyfluorescein) with a detection limitation of 24Á1 nmol l À1 . The advantages of this analytical method rely on its simple measurement performance, allowing measurements to be performed in a real-time manner even at room temperature (Guo et al. 2011) . A simple and sensitive aptamer/single-walled carbon nanohorn (SWCNH)-based assay was developed for OTA detection. SWCNHs can protect DNA from DNase I cleavage (Fig. 2) . However, aptamers can be detached from the surface of SWCNHs through specific target binding, exposing them to enzymatic cleavage and releasing the target for a new cycle. This technique is based on OTA-induced release of a single-labelled fluorescent aptamer from SWCNHs by coupling with DNase I-catalysed OTA recycling (Lv et al. 2017) .
Conclusion
Bacterial and fungal infections via toxins are a major threat for human population. Toxins are hazardous biochemical compounds secreted by bacteria, fungi or plants. Some have mechanisms of action and physical properties that make them amenable as infectious and potential warfare agents. Many bacterial toxins such as BoNT and SEB are considered by the CDC to be potential bioterror agents due to their short incubation period and high toxicity. The rapid recognition and monitoring of toxins in clinical fluids, environmental samples, foods and drinking water require novel methods, since traditional methods have many limitations in this regard. Compared with traditional methods, the SELEX can efficiently generate specific nucleic acid probes against various analyses in a relatively short period of time. In addition, aptamers are simpler, faster, more efficient and more economic and applicable. As shown by the results, aptamer-based methods will be established for detection and diagnostics of pathogen toxins in the future.
